The chapter deals with two-phase inverters with minimum switching devices whereby the main emphasis is devoted to 'minimum switches' converter topologies and control of passive load as well as split-single-phase induction motor. Such a converter consists of one-leg half-bridge matrix converter and the ac neutral point network as a new type of converter with two phase outputs loading the resistive-inductive or motoric loads. As harmonic content of the voltage of both phases gives very high value of total harmonic distortion (THD), roughly 86%, the current waveforms should be improved by using serial LC filter that brings much more suitable value of THD. Besides, the running capacitor creating needed phase shift (90 ) is electronically switched due to varied load. Analysis and modeling of such a new type of single-leg ac/ac converter with two phase outputs are done. The proposed topologies were simulated by Matlab/Simulink and verified in an LT spice environment. Worked-out simulation results are in good agreement with theoretical assumptions and make possible to give recommendation for the fair and right design of the chosen type of converter. Combination of mentioned measures brings a good quality of output quantities of converter and represents the main contribution of the chapter.
Introduction
In spite that the generation and transmission of electric power are done by means of the threephase ac system, today, the development of the two-phase system is still continued mainly to split-single-phase IM motor supply that is documented in this chapter and given references. So, the first venture into the realm of polyphase electric power has used only two alternating current phases rather than three but with pulsating power flow to motor in contrast to constant power of three-phase system [1] . In regard to topologies of the two-phase inverters, mostly three-leg ones with six switches or two legs with four switches are used. Evaluation of low-cost topologies for the two-phase induction motor (IM), which drives in an industrial application, is analyzed and discussed in Refs. [2] [3] [4] . Half-bridge two-phase voltage source inverters (VSI) for two-phase (IM) supply are described in Refs. [5] [6] [7] [8] . Besides, there exists also a possibility to supply three-phase induction motor by the two-phase inverter [9] .
Regarding to minimum switching devices, two-phase one-leg VSI inverters for the two-phase IM supply, there are works of Chomat et al. in Refs. [10] [11] [12] . In those, the operation of the motor at nominal frequency is different from the reduced frequency operation when phase shift of auxiliary phase is provided by a capacitor. Due to variable load, it is useful to change the value of capacitance in auxiliary phase, so the electronically switched capacitor techniques are used [13, 14] . Current pulse-width-modulation (PWM) or space vector modulation (SWM) provides demanded sinusoidal waveform and feedback control [15, 16] .
A new original topology of single-leg direct matrix converter was first published by authors of this chapter in Ref. [17] based on the works in Refs. [10, 18] . The number of switches is minimized, but total harmonic distortion (THD) of auxiliary-phase voltage is very high (86% at 50 Hz, 69% at 33.33 Hz) and consequently current distortions too (68 and 43%, respectively). Therefore, the improved two-phase one-leg matrix converter is completed by an LC filter [19] designed by Dobrucký et al. [20] . Combination of tuned LC filter and switched capacitor brings a new quality of output quantities of converter, which provides acceptable THD and makes possible field-oriented control (FOC) of the IM motor.
The chapter is organized as follows. First, the basic topologies of one-, two-, three-, and fourleg VSI inverters for two-phase application are described. Next, the special topologies using matrix inverters for two-phase application are introduced. Possibilities of use of switched capacitor for auxiliary circuit phase control providing the use of LC filter are described, and simulation study of Matlab/Simulink and LT Spice with passive RL and active motoric loads are given. Afterward, current controlled PWM (or hysteresis control) is worked out, and finally, conclusion is described.
In opposite, there is also a possibility to supply two-phase IM by three-phase three-leg inverter (at the next).
Two-phase voltage source inverter with three legs
The topology shown in Figure 3 consists of six semiconductor switches. Two of the threeleg are used for the power supply of the motor windings and third leg is used for creation of common phase of the motor [2, 21] . As a control of the switches, the modified SPWM [6, 22] can be used to describe the use of sin(ωt), cos(ωt), and -sin(ωt)a st h er e f e r e n c e voltages. The advantage compared to the converter with two legs is in better usage of a DC interlink. While inverter with two legs can put only half of DC voltage interlink magnitude, inverter with three legs is able to use U DC = ffiffi ffi 2 p . 
Two-phase voltage source inverter with four legs
Another possible topology that can be used to fed the two-phase induction motor ( Figure 4) is created by eight switches. Each phase is fed by one full-bridge inverter.
The topology uses a larger amount of switches (eight ones), and therefore, the topology is able to use entire magnitude of DC interlink voltage [7, 21] .
Model of two-phase IM motor is well known [7-9, 13, 14] . So, the electric machine being considered may be described by the following set of ordinary differential equations in the αβ-stator reference coordinate frame under the commonly used simplifying assumptions: Recent Developments on Power Inverters
where N is the ratio between the effective numbers of turns in the auxiliary and the main stator windings, ω m is the mechanical angular speed, and pp is the number of pole pairs.
As control methods, it can be used modern control ones: field-oriented vector control as well as space vector pulse width modulation [6, 15] . Some results of operation of two-phase IM supply are shown in Figure 5a , start-up and steady state (b).
The topology VSI with two legs controlled by SVPWM is able to turn on a four active voltage vector but not able to turn on a zero voltage vector, which is its major disadvantage [21] . Substituting VSI topology by matrix one will be able to turn on eight active voltage space vectors with turn-on times as shown in Figure 6 (top) but still no zero space vectors, Figure 6 (bottom).
Instead of VSI inverters with two, three, and four legs, there can be used matrix converter [21] , but the number of switching devices is rather higher, nearly two times. 3. Two-phase inverters with minimum switching devices
Two-phase voltage source inverter with one leg
Minimum of switching devices: two switches for inverter, two diodes for rectifiers, are reached by the one-leg VSI inverter [8, 10] , Figure 7 .
Anyway, it also needs two antiparallel diodes and two bulky capacitors. Schematic of VSI in Figure 7 is dedicated for ac motors. In full speed operation, the one leg of VSI with switches provides phase shift of 90 , since in reduced speed operation, the shift is created by a capacitor.
Two-phase voltage matrix converter with one and two legs
Instead of one-leg VSI inverters that can be used matrix converters is based on single-phase matrix converter. The matrix converter has some specific advantages over voltage source inverter in the size of the device, the lack of intermediate circuit, and also reduction in needed capacity [18] . The disadvantages are higher cost and also higher number of switching elements. Matrix converter that consists of just one single leg is described as original one, in Section 4.
Two-phase LCL2C2 inverter with two-leg matrix converter
One possibility for the first stage is to use a resonant converter, for instance an LCL2C2 resonant converter, Figure 8a . The second stage can be created as a two-leg two-phase matrix converter. This resonant converter consists of four bidirectional switches. For his control, an SVPWM modulation can be used, which is very like of SVPWM modulation for two-phase two-leg voltage VSI inverter.
The difference is the need to monitor the voltage polarity in an intermediate circuit and properly toggle the combination of active vectors. Unlike the two-phase two-leg voltage source Figure 7 . Schematic of one-leg VSI inverter [10] . inverter, the two-phase two-leg matrix converter has double number of active vectors, Figure 8b .
It is necessary to switch on the active vectors V1-V4 when the voltage in intermediate circuit is positive. If there is a negative voltage in the intermediate circuit, vectors V5-V8 are switched on.
Reference voltage for the switches is shown in Figure 9 .
The operation of matrix converter with motoric load in an open-loop operation and detail of stator currents and adequate stator voltages during two periods at steady state are shown in Figure 10 .
Anyway, number of switching devices using two-phase LCL2C2 inverter with two-leg matrix converter is still high (2 þ 4 that means six switches). . Waveforms of reference voltages for two-phase matrix converter [21] . Figure 10 . Stator voltages and stator currents of α-phase during two periods [21] .
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Single-leg topology using matrix converters for two-phase application
Another possibility how to reduce number of switching devices is presented by the special connection of one-leg matrix converter supplied direct from the network. As new type of twophase converters using matrix converter for two-phase applications has been developed for single-leg matrix converter [17] .
Basic topology of single-leg matrix converter
A novel supply system for two-phase induction motor by a single-leg matrix converter was introduced in work [17] using principle of single-phase matrix converter where one phase is substituted by harmonic network voltage, Figure 11a and b.
In the circuit operation of full speed regime, the voltage of auxiliary phase is possible to express as u aux ðtÞ¼U M sign½sinðωtÞabs½ cos ðωtÞ:
For reduced speed, the voltage of both main and auxiliary phases is expressed as
The input and output waveforms of MxC in full speed mode and reduced speed mode are shown in Figures 12 and 13 . The switching logic of the control system that creates the desired output voltage from input voltage is shown in Figure 14 . Among various questions, the first question is how value of the fundamental harmonic of auxiliary phase will reached. Using Fourier analysis of the one fourth of the waveform, Figure 15 , one can write equations: 
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Definite relations
Then Figure 14 . The switching logic for main and auxiliary phases. 
Fundamental harmonic waveform
After calculation
The value if fundamental harmonic at the middle of half-period
The contribution from the second part of auxiliary-phase waveform will be the same, Figure 16 .
So, this means that maximal magnitude of auxiliary-phase fundamental harmonic is
Thus, the RMS value of the output voltage of the one-leg converter should be two times greater than requested voltage of the main phase of the system. Basic scheme of MxC converter for reduced speed is different from full speed and given in Figure 11b . The phase shift of auxiliary phase is provided by the capacitor C aux . Vector diagram for auxiliary-phase impedances is given in Figure 17 .
By calculating C aux for 'quadratic mean' frequency band 33.33 Hz from vector diagram, the capacitor value for auxiliary phase can be determined
1 ωC aux 
There is equality of jωL 2 j¼jωL 1 j to be the same magnetic flux in both main and auxiliary phases.
Analytical differential equations for main-and auxiliary-phase state-space variables (Figure 11b ) are:
where τ is time constant accordingly R 1 and R 2 resistances.
After time discretization (e.g. using Euler's method), we obtain discrete dynamic model suitable for simulation in Matlab/Simulink.
Similar to one-leg VSI inverter [8, 12] , the number of switches of single-leg MxC is minimized but total harmonic distortion auxiliary-phase voltage is very high (86% at 50Hz, 69% at 33.33 Hz) and consequently current distortions too (68% and 43%, respectively), see Figure 18 in Section 6 for simulation results where Figure 18a isfor50HzandFigure 18b is for 33.33 Hz.
Single-leg matrix converter supplying IM without LC filter and PWM
Due to very high THD of the main and auxiliary voltages and current, there is a problem regarding to electromagnetic torque generated by two-phase IM motor. Therefore, neither the operation at 50 Hz nor at reduced frequency (33.33 or 25 Hz), under nominal torque and during start-up, could be provided successfully. 
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Thus, we have to accept some measures for successfully operating PWM control, adding LC resonant filter, and/or using switched capacitor.
Parameters of the two-phase IM used for simulation are therefore given in Section 5 with PWM controlled motor.
Improving single-leg matrix converter using LC filter
Thus, it is necessary to improve current waveforms. Current-controlled PWM modulation (CC-PWM) for full-speed operation is not possible to use because of decreasing of auxiliaryphase voltage. Other possibility that has been used is using of LC resonant circuit that can be used both in auxiliary and main-phase circuits, Figure 19a and b.
Analytical differential equations for main-and auxiliary-phase state-space variables (Figure 19b )
where τ is time constant accordingly to R 1 and R 2 resistances, and C aux is series connected C and C res capacitors. After time discretization (e.g. using Euler's method), we obtain discrete dynamic model suitable for simulation in Matlab/Simulink. After realization of above measures, the total harmonic distortion of main and auxiliary-phase currents will be much better such as 12.47% at 50 Hz and 8.47% at 33.33 Hz with LC circuits, see Figure 20a for 50 Hz and Figure 20b for 33.33 Hz in Section 6. By suitable design of LC elements [20] , it is possible to reach the best value of main-and auxiliary-phase current THDs (<5%) but the size of the LC elements will be rather high.
Resonant LC filter can be tuned either for given frequency 50 Hz, schematic in Figure 19a ,or for 'quadratic mean' frequency band 33.33 Hz, schematic in Figure 19b . Design of LC filter has been done using design procedure by Dobrucký et al. [20] .
Improving single-leg matrix converter by combining switched capacitors and LC filter
Auxiliary-phase advancing using switched C or L elements can be provided by different ways [13, 14] -switched capacitor with four switches networks, Figure 21a -switched capacitors with two switches and two capacitors, Figure 21b -switched RLC (inductor and capacitor) circuit with two switches connected as series network, Figure 21c -switched inductor with two switches connected as parallel network, Figure 21d Since first two possibility items operate with full controlled bidirectional switches the later two can be operated by ordinary thyristors with uncontrolled switching-off of the circuit current.
A periodically reversed switched capacitor is connected in series with an RL load supplied from a sinusoidal voltage source. To control the phase of the fundamental component of load current, a suitable algorithm for the switching of the capacitor is derived and tested. The operation of the switch pairs is complementary and supports a pulse width modulated regime where the duty factor of the dominant pair, e.g. S1, is restricted to vary between 0.5 and unity. 
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We have chosen a variant shown in Figure 21b because of variant Figure 19a that needs high number of switches and variants Figure 19c and d operate with uncontrolled switching-off of the circuit current only, with an auxiliary winding through the bidirectional choppers S1 and S2 controlled by PWM with a frequency of about 1 kHz. The capacitance is changed by variation of the duty cycle
from 0 to 1.
The switches S1, S2 are linked with each other by an inverted logic. One capacitor has high capacitance and the other has low capacitance. The desired capacitance is set as a function of duty cycle for the switching between these two capacitors.
The equation for the controlled switched capacitance C can be derived from the energy stored in the capacitors [8]
From Fourier analysis, the dc component of periodic waveform is equal to its average value
where D tc is the duty cycle and T is the switching period. Therefore, the average voltages on the capacitors are Then, the total energy stored in the two capacitors is
Thus,
After further simplification, we get the final equation for the switched capacitance as the function of duty cycle
The absolute value of the auxiliary impedance jZ aux j and the phase angle ϕ used in the function calculations are given as
Combining Eq. (21) for the auxiliary-phase capacitance C aux with Eq. (35) for switched capacitance C aux ¼ C yields
and 
Finding the roots of the quadratic equation we get the duty cycle D tc as a function of the angular frequency ω that we can use for controlling the phase shift of the auxiliary phase
In a similar way, we can derive a switching capacitor for the resonant filters, L res and C res . From the resonant frequency equation, we can calculate the value of resonant capacitance
(41)
Again, combining Eq. (41) for resonant capacitance with Eq. (35) for the switching capacitance
and
(43)
On solving the equation, we get similar equation for control of resonant frequency
Switched capacitor will provide a requested phase shift of 90 . Requested waveforms shape should be provided by an additional LC resonant filter [19] .
Single-leg matrix converter combining switched capacitors and LC filter supplying IM
Accepting of measures mentioned in Sections 4.3 and 4.4, it is possible essentially to improve quality of SLMxC. Combining switched capacitor in auxiliary phase and using LC resonant filter between the center tape of SLMxC and neutral point, it will be possible to obtain demanded current waveforms with lower value of total harmonic distortion of both main and auxiliary phases.
Worked-out simulation results are given in Section 6. At first, the simulation results of SLMxC with switched capacitors and LC filter under RL load are given in Figure 22a for 50 Hz, Figure 22b for 33.33 Hz, Figure 23a for 25 Hz and Figure 23b for 10 Hz.
Simulation results of SLMxC with switched capacitors and LC filter under motoric IM load are shown in Figures 24-26 in Section 6. There are shown steady-state currents and voltages of main and auxiliary phases in Figure 24 at 50 Hz, in Figure 25 at 33.33 Hz with PWM control, and also start-up operation in Figure 26 . Simulation results, Figure 27 , were worked-out without LC filter and switched capacitor [15] .
Parameters used for the simulation with an induction machine: It can be seen that the waveforms of currents of main and auxiliary phases are not shaped sufficiently. Further improving would be possible using mentioned measures, i.e. LC filter and switched capacitor.
Current control of single-phase induction motor fed by basic single-leg MxC
Basic single-leg MxC schematic is given in Figure 11a and b. As mentioned in Section 4.2, there is a problem regarding to an electromagnetic torque generated by two-phase IM motor due to very high THD of the main and auxiliary voltages and current. Therefore, neither the operation at 50 Hz nor at reduced frequency (33.33 or 25 Hz), under nominal torque and during start-up, could be provided successfully.
Parameters used for the simulation with the induction machine (the same as above): Simulation results without LC filter and switched capacitor are given in Figure 28 . [15] .
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Currents are also highly deformed in both full-speed and reduced-speed regimes. In 4.5 seconds, it has changed the operation mode from full speed into reduced speed; speed of motor is proportional to the frequency of stator voltage of 25 Hz. Moreover, the start-up of the IM is not being successful. So, the main problem of single-leg matrix converter is high distortion of auxiliary-phase voltage and currents.
The basic principle of used current controlled PWM feedback loop is given in Figure 29 .
The resonant parts, L res , C res , have not been used at simulation of basic single-leg MxC in Figure 28 . Using this solution, the total harmonic distortion of main-and auxiliary-phase currents will be smaller than usually requested value of 5%.
Except the phase angle control, the amplitude of the phase currents must be controlled to optimal FOC operation of the induction machine under different load conditions.
Reached simulation results and discussion
All simulations of SLMxC with RL load were worked out in LT Spice environment. All simulations of SLMxC with motoric IM load were done in Matlab/Simulink programming environment.
Main-and auxiliary-phase steady-state currents and SLLC MxC output voltages have been worked-out at different frequencies 50/33.33/25/10 Hz. The simulated phase currents under the RL load show that by control of switched capacitor the exact value of demanded capacitance is reached. Then, the phase angle between the mentioned current is also equal 90 as in Figure 17 . From the Figures 22-25 , it is obvious that this condition is satisfied.
Simulation of steady-state and start-up operation of two-phase IM is given in Figures 24-26 The simulated phase currents of the two-phase induction machine show that by control of switched capacitor reaches exact value of capacitance which in case of that the phase angle between the mentioned current is also equal 90 . The effect of the filter in a common phase will result in nearly the same magnitude of the IM currents during start-up; however, the time during start-up is rather longer.
Conclusion
The chapter brings analysis, modeling, and computer simulation of two-phase inverters focused on minimum switching devices. There are described two main types of switching devices: the single-leg VSI inverter partially known from a literature and single-leg MxC matrix converter as a new one. Since one-leg matrix converter type features a non-harmonic current waveform, the main emphasis is laid on the enhancement to their shapes. Because the use of classical PWM technique is restricted by insufficiency of voltage under basic frequency operation, it is necessary to use an additional hardware LC resonant circuit. After realization of above measures with LC filter, the total harmonic distortion of main-and auxiliary-phase currents will be much better: about 12% at 50 Hz and circa 9% at 33.33 Hz with LC circuits, see Figure 24 in the text. By suitable design of LC elements, it is possible to reach the best value of the main-and auxiliary-phase current THDs (<5%) but the size of the LC elements will be high. Using that solution the total harmonic distortion of main-and auxiliary-phase currents will be smaller than usually requested value 5%. Analysis and worked-out simulation experiment results under RL load have shown that use of the LC filter can significantly improve the harmonic of the current waveform in both main-and auxiliary-phase windings. It should be also noticed that the simple LC resonant tank is always tuned to single frequency only and therefore the right operation of the MxC converter is also limited to this one frequency. To eliminate this disadvantage, the switched capacitor is supposed to use the capacitance that can be continuously changed and adapted to actual requirement given by an operational frequency. It is very important under field-oriented control of split-single-phase induction motor as a load for the converter. The basic topology has been completed by the LC filters that have both currents of main and auxiliary phases approximately sinusoidal waveforms. Main contribution of the paper is combined with the control of auxiliary phase advancing to be 90 degree under entire range of load operation and also pulse-width-modulation for field-oriented control.
Simulation experiments have been done using passive RL load and also split-winding singlephase IM motor. Worked-out results under RL load operation have shown very good agreement with theoretical assumptions. Worked-out results under split-winding single-phase IM motoring operation are just preliminary ones because it needs accurate real motor parameters and takes longer time. Cooperation of switched capacitor single-leg LC matrix converter with split-winding single-phase IM is intended as for next work. The results reached can be served for usage and analysis of systems with two-phase ac motor drive. So, the next work is to focus on motoric load operation. 
